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ABSTRACT

Unwant ed and uncontrolled electrical arcs are associ ated
with fire causes in residences and el sewhere. A technol ogy
has been devel oped that will recognize an arc in a 120 V, ac
system and signal the opening of the circuit by a

di sconnecting neans such as a circuit breaker. This
technol ogy i s capabl e of distinguishing between nornal -
operation arcs, such as mght exist at the brushes of a

nmot or, and hazardous arcs, such as from damaged conduct or
insul ation. This paper discusses sone of the basis for the
devel opnent of the technology. It also discusses elenents
of the product certification standard to identify what is
required of an arc-fault circuit interrupter (AFCH).

VWHY A NEED FOR ARC FAULT DETECTI ON?

An electric arc is a lumnous discharge of electricity
across an insulating nediumwhich exists at tenperatures

bet ween 5,000 and 15,000 F at its center. Energy fromthe
arc produces high pressures at its center which result in
expul sion of hot, ionized gas and perhaps small, nolten
metal particles fromelectrodes. Nearby materials which may
be exposed to the heat of the arc or its expelled gas may
ignite. Any material on which nolten netal particles fal
may ignite. In other words, arcing conditions are potenti al
fire causes when they are uncontroll ed.

When el ectrical wiring or equipnent is damaged, inproperly
installed or msused, a hazardous arc may occur under a
nunmber of conditions. These unexpected and unwanted arcs
are responsi ble for causing a nunber of accidental fires.
The National Fire Protection Association cal cul ates that
there are 40,000 fires resulting in 370 deaths annually in
the United States due to electrical distribution system
causes. [1]

Usi ng data available froma major insurance conpany, the
aut hor has estimated that over one-third of these fires are
fromarcing fault causes. This estimate is reinforced by
descriptions of fires in a 1987 report by the Consuner
Product Safety Comm ssion (CPSC). [2] As a reasonabl eness
check, one may realize that there are only two primary
causes of fires fromelectricity. One is thermal from

over heat ed conductors or equi pnent, and the other is arcing.
Thermal conditions that damage el ectrical insulation can

| ead to arcing.



ARCI NG FAULT CAUSES OF FI RES

Sonme of the conditions in which arcs occur as potential fire

causes are:

Pi nched or pierced insulation on construction wire or cords,
such as from staples or other fasteners.

. Cracked insulation on wire or cords from age, heat,
chem cal erosion or bending stress.
Overheated wre or cords.
Loose or inproper connections.
Frayed or ruptured extension or appliance cords.
Damaged appliances in which support or insulation for
energi zed el ectrical parts is inpaired.
Wre or cords touching vibrating netal.
Moi sture or contam nants between conductors of different
vol t age

To gain an idea of how fires actually relate to arcing
occurrences, this section |ooks at sonme wire and equi pnent
that caused fires or al nost caused fires.

Pi erced insulation. Figure 1 shows evidence collected from
a fire occurrence by the Bureau of Fire Prevention in Cedar
Rapids, IA. The three pieces of No. 12 AWG, Type TW copper
wire had been installed in a length of flexible netallic
conduit in the ceiling. Firenmen disconnected the
installation after a call reporting heavy snoke. The
overcurrent protective device (OCPD) had not opened

i ndicating that current was not high enough or sustained

| ong enough to cause opening. Although there is sone
melting of insulation on all three wires, a direct short
circuit between wires had not occurred. Exposed conductors
of the red and white wires each indicate arcing to the
conduit, rather than to each other. Apparently the conduit
had beconme hot enough to nelt the wire insulation. Firenen
di scovered burned construction sawdust next to the conceal ed
conduit that had been the source of snoke and snol deri ng.

An AFCI woul d be expected to detect the sputtering arcs from
the wires to the conduit and prevent this heating and the
snol deri ng sawdust .
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Figure 1 - Damaged construction Figure 2 - Wund cord insul ation
wire caused fire in nearby sawdust. overheated with continuous
operation with air conditioner
| oad.

Wwound wires overheated fromnormal current flow Figure 2
is a second piece of evidence fromthe BFP in Cedar Rapids.
The wound cord had apparently been connected to a w ndow
air conditioner which had been | eft unattended for a period

of time. Normal current flow through the wound conduct or
had caused significant nelting of the insulation, resulting
in arcing between conductors. In this case, the unit was
unpl ugged before a fire occurred. The OCPD had not opened
because current was at normal |oad except for occasional
bursts of line-to-neutral arcing.

An AFCI woul d not have prevented the nelting of the

insul ation nor potential ignition of the insulation from
heati ng. However, an AFCI woul d have been expected to
detect the bursts of arcing and to have opened the circuit
wel | before this degree of damage had occurred.

Hi gh resi stance connection. Figure 3 shows a basenent
receptacle that had been used for 15 years as a connection
for a water distiller. Although the ground connection is
present, it was never connected to ground because it is an
extension of a 2-wire circuit. There had apparently been a
hot, high resistance connection that led to surface tracking
fromthe ground bracket to each of the receptacle |aws.

Evi dence of noisture is also present. |Indications are that
a line-to-neutral arcing fault eventually occurred and the
house filled with snoke. Eventually the circuit breaker
opened the circuit. The 2 x 4 inch board to which the
receptacl e had been attached was bl ackened but had sel f-

ext i ngui shed.

Figure 3 - Line-to-neutral arc Figure 4 - High resistance
tracki ng across receptacle charred connection caused depl etion of
wood nounting surface. i nsul ati on



Figure 4 shows an attachnent plug that was connected to a
space heater. Again, a high resistance connection has
caused degradation of insulation of the plastic housing and
the insulation on the cord. Notice that the cord insulation
has nelted away nearly causing a direct wire-to-wire (line-
to-neutral) arcing fault where the wires cone together. An
AFCI woul d not detect the high-resistance connection and
woul d not have prevented damage to the plug housing.

However, it would have detected a line-to-neutral arcing
fault as the damage i ncreased.

These exanpl es represent just a few of the many
circunstances in which electrical fire causes involving arcs
may arise. Recognize that arcing faults may occur in three
circuit configurations: line-to-line (neutral), line-to-
ground and in series with the load. Each of these
configurations is protected to sone degree by other
currently avail abl e devi ces.

CONTRAST W TH TRADI TI ONAL OVERCURRENT PROTECTI ON

Protection against arcing faults is already provided to a
very great extent by the OCPD, circuit breaker or fuse.
Many el ectrical systemfaults involve arcing, especially
wher e damaged i nsul ation or equipnent is involved in the
fault. Fromthe residential perspective, the tinme-current
characteristic of Figure 5 is that of a 20 Acircuit
breaker. Any arc occurring for a time and current to the
right and above the characteristic will be detected as an
overcurrent condition and the circuit will be opened.

Al t hough the OCPD is intended to protect good conductors
frombecomng thermal |y danaged, a byproduct of this
protection is to mtigate potential danmage from arcing at
the point of the fault. Al circuits that conplied with the
Nati onal Electrical Code when they were installed have had
this excellent protection all along.
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Figure 5 - Time-current Figure 6 - Regions not protected
characteristic of a 20 Acircuit agai nst arc-fault conditions.

br eaker .

In a study done by Underwiters Laboratories Inc. (UL) for
the Electronic Industries Association (EIA), data shows that
avai l abl e short-circuit current at receptacles in residences



ranges from approximately 75 Ato 1650 A wth an average of
300 A for 15 A branches and 467 A for 20 A branches. This
data gives a good idea of the current |levels available in
branch circuits. [3]

Notice that the instantaneous opening current for the
circuit breaker in Figure 5 begins at 120 A, shown at point
A. This is about the | owest |evel at which an OCPD can be
desi gned wi thout nui sance operating on normal circuit
occurrences such as transient inrush current to m crowave
ovens and burn out of tungsten |ight bulbs. Most circuit
breaker designs in North America have an instantaneous
opening level significantly above 120 A, perhaps a 300 A
average. In all cases, a gap exists between the 75 A

avail able level in the receptacle study noted above and the
i nst ant aneous open level for the OCPD. This gap is
identified as region 1 in Figure 6.

Looki ng at points on Figure 5 bel ow the continuous current
rating of 20 A, no circuit protection exists. The circuit
breaker must permt branch circuit current to flow.  Normal
transients and short time overcurrents are permtted to flow
for brief periods at current |evels just above the
continuous current rating. Arc faults can exist in this
region, region 2 in Figure 6, for long durations with no

det ecti on.

In reported fires of electrical cause, it is seldomthat the
OCPD has opened as found in an anal ysis by the author of
data on 690 fires of electrical cause recorded by a major

i nsurance conpany. This point indicates that present OCPDs
are reasonably effective in mtigating fire causes for

condi tions under which they are designed to operate. That
i's, when an OCPD does operate to open, fires are nost
generally prevented. However, it also indicates that when
hazardous, arcing conditions of tine and current exist and
are too low to cause operation of the OCPD, fires are
occurring. Arc-fault protection in these presently
unprotected regions 1 and 2 wll mtigate fire causes.

CONTRAST WTH G-CI PROTECTI ON

If we |ook at the line-to-ground arc fault node, we find
that ground-fault circuit interrupter (G-Cl) protection

of fers exenplary protection where it is applied for arc
faults as well as any other type of fault to ground. G-Cls
protect the circuit for any | eakage current to ground 6 mA

and higher. It is hard to imgine a formof protection that
woul d be nore conprehensive for the line-to-ground fault
nmode. I n an evaluation of technol ogi es avail able to address

home fires done for CPSC, UL reported, AG ound-fault
interruption technol ogy, due to the lowtrip current |evels
that are possible, coupled with a fast response was shown to



be very effective in interrupting arcing-fault currents to
ground. This suggests that it should be conbined with AFD
[Arc Fault Detection] technol ogy, since AFD technol ogy does

not require current to ground to operatel. [4]

One imtation to be aware of is that a ground path nust be
present for this protection to be effective. For exanple,
many circuits in ol der hones are extensions of 2-wire
circuits with no groundi ng conductor. A G-CI may be pl aced
in these circuits, but it will not detect a fault to a
conductor that is not grounded, even though it wll be
effective in protecting a person who is grounded. A second
limtation is that receptacle GFCls will protect only the
cords and equi pnment connected to the receptacle. It would
take a GFCl protecting the entire branch to protect fixed
wiring in which a great many of the fire causing faults
occur .

CONTRAST W TH GROUND FAULT PROTECTI ON

In residential systens, ground-fault protection other than
the GFCl is not generally applied. However, there is

anot her ground-fault protective device called an Equi pnent
Protective Device (EPD) that has ground-fault protection at
a higher sensitivity than the G-FCl. The typical EPD
operates with ground faults of 30 mA to protect sensitive
equi pnent while the GFClI operates at 6 mA to protect
personnel. As with the GFCl, the EPD will be effective in
sensing arcing faults to ground.

| NDUSTRY STANDARD

As products were devel oped, there was no industry standard
to use as a guide. Literature and information was scarce to
non-exi stent for details that related fire ignition
conditions to arcs.

As it happened, three manufacturers of circuit breakers wth
prototypes of arc-fault circuit interrupters, separately and
i ndependently, contacted UL during 1993 and 1994 with
inquiries regarding test requirenents and the potential for
future certification. Since there were no existing

requi renents nor even a basis for requirenents, it was clear
that such industry requirenments would have to be devel oped.
A Task Force of the National Electrical Mnufacturers
Association (NEMA) Circuit Breaker Section began in m d-1994
to devel op a set of performance requirenents. The Task
Force produced a rough draft standard by Decenber 1996 t hat
is presently under review by UL. The expectation is that it
will forma basis of a UL standard. Prior to publication

of an industry standard, UL will consider |earned input from
a variety of sources including UL internal engineers and



scientists and others associated wth the industry.

QUTLI NE OF | NVESTI GATI ON

In the absence of a published standard, UL has used an
internal outline of investigation to eval uate products

recently submtted for the marking, AListed G rcuit Breaker
also Classified for Mtigating the Effects of Arcing

Faults.@ Information fromUL research, a literature search,
research by manufacturers, and ideas froma cross section of
experienced UL and manufacturer research people was
collected for inplenmentation in this outline of
investigation. The tests specific to the arc detection
function are in three categories:

1. Efficacy (arc detection)
2. Unwanted tripping
3. Qperation inhibition

EFFI CACY TESTS

Car boni zed path tests. Every such product is required to
denonstrate that it will detect arcing current at 5 and 10
anperes, at rated current of 15 or 20 anperes and at 150% of
rated current. The pass criteria is that the circuit
containing the arc nust be opened before surgical cotton

wr apped over the arc location is ignited or before the
shortest time in which cotton ignited during UL research
testing.

Poi nt Contact Arc Test. In this test, sanples of both SPT-
2 cord and NM B cable are used as test sanples. Wth the
test product connected to the test cord or cable, the cord
or cable is cut using a steel blade nuch |ike a paper
cutter. Available test current is 75, 100, 150, 200 and 300
anperes, except that the test wll not be conducted above
the instantaneous trip level of a circuit breaker, assum ng
the arc-detection function is integral with a circuit
breaker. The test product is required to open the circuit
within eight 1/2 cycle segnents of arcing. The 1/2 cycle
segnents are counted because arcing is usually sputtering
bet ween normal | oad current and arcing current rather than
conti nuous arci ng.

UNWANTED TRI PPl NG TESTS

In this series of tests, the product is subjected to a
series of tests with equi pnent or | oading conditions that
could look |Iike an unwanted arc to sone forns of devices.
There are six loading conditions with multiple tests under
each condition.



Loading Condition | - Inrush Current. These are conditions
in which the initiating transient is high. Various
configurations of tungsten filanment | anps and capacitor
start notors are test | oads.

Loadi ng Condition Il - Normal Operation Arcing. These are
conditions in which arcing is normal and expected. Brush
notor, thernostatically-controlled contacts with heating
appliance | oads and a wall switch with |anp | oads are test
condi ti ons.

Loadi ng Condition Il - Non-sinusoidal Waveform These
unusual waveform | oads consi st of electronic |anp di mers,
el ectronic vari abl e-speed electric shop tools, conputer
swi t chi ng- node power supplies and fluorescent | anps.

Loading Condition IV - Cross Talk. This condition exam nes
the ability of the test product to avoid operation when the
arc is produced in an adjacent circuit under several
configurations.

Loading Condition V - Miltiple Loads. Under this condition,
sonme of the non-sinusoidal waveformtests are repeated, but
with the branch circuit |oaded to 100% of its rating.

Loadi ng Condition VI - Service Life. Tests with a wall
switch and with a vari abl e-speed shop tool are conducted
agai n, but using test devices that have experienced
consi derabl e condi tioni ng under | oad.

These tests represent a broad cross section of the toughest
conditions the product will experience in the field. The
nunber of field conditions and variati ons are unbounded and
cannot all be anticipated by any test program These tests
will require any manufacturer to pay close attention to the
possibility of unwanted operation in the product design. It
is then expected that any serious manufacturer will consider
ot her potential conditions that may uniquely affect the
design in order to have a commercially viable product.

OPERATI ON | NHI BI TI ON TESTS

This series of tests evaluates whether the test product can
di stingui sh an unwanted arc even in the presence of other

| oads or conditions in the circuit that m ght attenuate,

hi de or disguise the arc signal

Tests for Masking. Selected |oads fromthe Unwanted
Tripping Tests are placed in series and then in parall el
with an arc and with additional |oad. The AFCl is required
to correctly detect the arc and open the circuit.

EM Filter Tests. The product is required to correctly



detect an arc in series and then in parallel with specified
heavy filters.

Li ne I npedance Tests. The product is required to correctly
detect an arc introduced within several construction
configurations that could attenuate an arc signal.

M ni mum Vol t age Test. The product is required to
denonstrate that it will detect arcs even if voltage falls
bel ow normal vari ances.

In addition to the conprehensive sets of tests for arc
detection, the product is tested for performance during or
after exposure to abnormal circuit conditions and

envi ronnental conditions under the draft standard.

These first products will not be marked as UL Listed Arc-

Fault Crcuit Interrupters. They are marked AListed Circuit
Breaker also Classified for Mtigating the Effects of Arcing

Faults.@ The distinction is that they have not yet been
eval uat ed under an adopted set of AFClI requirenents,

requi renents that are now undergoi ng eval uation by UL as
stated above and may change before the AFClI category is
officially pronul gated and opened to the industry for

Li sting of AFCl products. That is, the UL category for
AFCl s has not been opened for listing of products at this
date. Until it has been opened, the program and marking
di scussed in this section are being used.

PRODUCTS

Arc-fault circuit interrupters integral with circuit
breakers have been available in prototype form since about
1993 from several nmanufacturers. Prototypes of three

manuf acturers were first tested by an independent |aboratory
in 1994 under the CPSC study on residential electrical

fires. [4] After several years of experinental field
testing and subsequent design revisions, the first products
were comercially introduced in late 1997. The ratings of
these first products were 15 and 20 A, 120 Vac, 1-pole.
Figure 8 is a photo of a conmmercial product in a circuit
breaker. During 1998 we can expect to see AFClI products from
several manufacturers energe for residential applications.

Al normal circuit breaker functions remain present for
overcurrent protection just as it is presently provided.
The AFClI function is supplenentary. Wen an unwanted arc
fault is detected, the circuit breaker trips and opens the
circuit by neans of its primary contacts. These circuit
breaker and AFClI units can be installed in residential

| oadcenters or in panel boards interchangeably with the
circuit breaker of the sane type.



These 15 and 20 A, 1-pole ratings cover the nost comon
residential circuits and those nost likely to be m s-used.
There is no reason that the technology will be Iimted to
these ratings. As safety and conmerci al demands for other
rati ngs energe, products will undoubtedly be provided.

Figure 8 - Circuit breaker incorporating
AFCl function together with traditional
overcurrent protection.

NATI ONAL ELECTRI CAL CCDE

In the 1999 revision cycle for the National Electrical Code

(NEC), there were three proposals to require the

installation of AFCls in all 15 and 20 A, 120 V circuits.

These proposal s acknow edged and were substanti ated by

several key points:

Uncontroll ed electrical arcs are a significant cause of
fires in residences.

The technol ogy for arc detection is available in a viable
product and has been shown to be effective in detecting
arcs that could potentially cause fires.

. A substantial draft of an industry standard has been
devel oped and is being used as a basis for third party
certification of the products.

. Wthout enforcenent of the installation of these devices,
it is highly unlikely that they will be applied where
they will do the nbost good in addressing fire causes.

At the tinme of the witing of this paper, NEC Panel 2 has
accepted a revision that will require AFCls in 15 and 20 A
branch circuits serving receptacles in bedroons with an
effective date of January 2002. The panel conment i ndicates
that the reduced requirenent wll Apermt these new devices
to be introduced into the public domain on a gradual basis. @
[ 5] Regardl ess of the outconme of these initial revision
proposal s, manufacturers have stated intention to provide
the products for optional installation.



VHY FOR NEW CONSTRUCTI ON?

A fact that energed during research regarding fire causes
was that the preponderance of fires fromelectrical causes
are in residences nore than 10 years old. The question
arose during evaluation of the proposals to revise the NEC
concerning whether it is appropriate to require AFCIs in
new y constructed residences. One fact to realize is that
all new dwellings will eventually be older dwellings. Al so,
with the increase of avail able appliances and entertaining /
conputing equi prent, the nunber of cord-connected devices is
increasing significantly. The rating in watts for
appliances is increasing. |In other words, conditions making
new honmes susceptible to fire hazards not only continue to
exi st but in sonme instances are increasing, situations which
will only worsen as new hones age.

Further, according to the 1987 Smth & MCoskrie CPSC
report, the contributing factors to electrical distribution
fires were: inproper changes - 30% aging - 14% i nproper
use - 13% inadequate capacity - 12% inproper initial
installation - 17% faulty product - 9% [2] As any

resi dence ages, the probability of fire resulting from any
of these factors increases. The AFCl is designed and
intended to detect arcing that may arise due to aged,
damaged or inproperly installed wiring and equi pnent.

SUMVARY

AFCl products have the capability to mtigate arcing fault
causes of fires in residences. Denmand wll determ ne
applications beyond the 15 and 20 A, 1l-pole ratings at 120 V
for which products are being introduced.
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